Antenna configuration and basis

UFH RFID meander-line antenna
The typical dipole antenna consists of two parts, in Fig.1 , one is the dipole resonators with half-wavelength for resonance and the other is the balun for the impedance transfer of balance to unbalance terminations. The standing voltage and current distribute among the dipole with maxima current and minimum voltage feeding in the center (0°) for linear polarization. For size reduction, in Fig.2 , the meander-line configuration was applied in tag antenna. By tuning load-line structure, more wideband and inductive performance can be achieved. 
Hilbert-curve and space filling
Hilbert-curve is a space filling curve with being self-similar and simple geometry. The configurations of Hilbert-curve for first four fractal iterations are shown in Figure 3 . The original space has filling nature of these curves. This expresses that for a given area of a space, the total length of the line segments increase progressively as the iteration order increases. It can be interpreted as the cause for their relatively lower resonant frequency. It is evident that the fractal iteration order increases, the total length of the line segments increases, even as the area it encompasses remain the same. Thus within a small area, a lower resonant frequency antenna with very large line length can be accommodated. In applications, the structure of this shape can be made of a long metallic wire compacted within a microstrip patch. The topological dimension of the line segments is one, as it consists only of a line. The dimension of this original space is an integer value equated two. When we consider the length and number of line segments with 2 nd , 3 rd and 4 th iterations, this dimension are 1.465, 1.694 and 1.834. These values point to the fact the geometry has fractional dimension. As the dimension approaches 2, the curve almost fills a space. In other words, for large iteration orders, the total length of the line segments tends to be extremely large. This could be a significant advantage in lower frequency antenna design since the overall effective length of the antenna is large. Thus the resonant frequency can be reduced considerably for a given area, by increasing the fractal iteration order. It may result in a larger reduction factor for the antenna size. 
Self-complementary antennas
Self-complementary antenna composed with electric and magnetic pair antennas is a potential antenna solution for multi-band and wide-band antenna system because of its excellent isolation performance at close proximity between antennas. The pair antennas can be configured with log-period, spiral and circular disk configuration depends on application shown in Fig. 4 . Antenna pair with self-complementary structure has a constant input impedance, independent of the source frequency and the antenna geometry. To achieve wideband CP performance, self-complementary structures were commonly used owing to their features of simple feeding and good axial ratio [17, 18, 23] .
Self-complementary Hilbert-curve tag antenna
Complementary Hilbert-curve tag antenna is constructed with substrate, Hilbert-curve, Hilbert-curve slot and tuning pad (L t ) in A typical circular polarization dipole cross-pair usually consist of two individuals with horizontal and vertical locations, and a two-phase signal with 90° difference. Fig. 7 illustrates the simulated current distributions and Fig. 6 depicts the simulated electric fields among the planar structures, which provide a clearly physical insight on understanding the circular polarization of the proposed antenna. Fig. 5 shows that the Hilbert-curve is excited with concentrating current distributions at the 900 MHz resonance while the maximum amplitude located at -11.3° with deviation from central feed-line (0°). The Hilbert-curve slot is expressed with lower current distributions. Fig. 8 presents both Hilbert-curve line and Hilbert-curve slot are excited with intensive electric fields at the 900 MHz resonance while the minimum amplitude presented at -22.5°. Since the phase difference with 33.8° among maximum current amplitude and minimum electric field existed, in company with the different locations of the left Hilbert-curve line and the right Hilbert-curve slot, the elliptic polarization will be obtained. Thus, the circular polarization can be observed along a certain direction. 
Applications
The maximum activation distance of the tag for the given frequency is given [14] - [15] by
Where EIRP R is the effective transmitted power of reader, P chip is the sensitivity of tag microchip, G is the maximum tag antenna gain, and the power transmission factor 
Simulations and experiments
By using the commercial software of HFSS tool [42] , the simulation results included return loss spectrums, impedance spectrum, circular polarization and two-cut radiation patterns are presented and analyzed. For comparison, the return loss spectrums of the proposed antenna with UHF-bands of 900 MHz are measured and simulated shown in Fig. 9 . The simulated and measured results of frequency responses are in agreement. In measurement, while the return loss is smaller than -10dB, the frequency responses cover both Europe 865.6-867.6 MHz band and USA 902-928 MHz band, ranging from 820 to 935 MHz (bandwidth = 115 MHz). For applications, the frequency responses are fully applied in the operation bands of the RFID UHF-band. For impedance spectrum analysis in Fig. 10 , it shows the real parts of impedance become maximum value (178.7 Ω) at 970 MHz frequency, the real parts of impedance value (102.5 Ω) and the imaginary parts of impedance present inductive characteristic (+41.3 Ω) at 900 MHz frequency. The inductive impedance can be available for matching the capacitive RFID chip. The radiation patterns are obtained by an automatic measurement system in an anechoic chamber. The under-tested antenna is located on the X-Y plane shown in Fig. 4 , and the feeding line is located along the X-axis. Thus, two radiation patterns with Y-Z cut and X-Z cut are obtained.
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The two cut patterns with resonant 900 MHz are represented in Fig. 11 respectively. Broadside patterns are observed in the Y-Z cut and quasi-omnidirectional patterns are obtained in the X-Z cut. The measured maximum gain was 1.68 dBi for 900 MHz. For polarizations, the AR spectrum is presented in Fig. 12 . The minimum AR with 0.16 at φ = 0°, θ = 90°and the right-hand circular polarizations (-3dB AR BW = 383 MHz) are observed along the direction of the φ and θ , thus the proposed antenna can be applied to circular polarization applications which represents one of the availabilty and usefulness in contrast to the conventional meander-line and meander-slot tags. A microchip, RI-UHF-STRAP-08 of TI, is used for applications [43] . The data sheet is presented in Table 2 . The diagram of complex plane () Z ω is presented in Fig. 13 (1) and (2) with the specifications and boundary condition d 1/2 , the Z chip is obtained. If it is not satisfied, retuning L t and g till the desired value is achieved.
Conclusion
The self-complementary antenna with Hilbert-curve configuration for RFID UHF-band tags is presented in this paper. The good performance of compact, broadband (BW=150 MHz), circular polarization and conjugate impedance matching are achieved for applications. The structure is smaller in size and easy to fabricate in tag circuits. Its operations cover UHFbands 820 to 935 MHz for return loss < -10dB. Both simulation and measurement results are agreed with the verified frequency responses. The inductive impedance is achieved and be available for matching the capacitive RFID chip. In field analysis, broadside patterns are observed in the Y-Z cut and quasi-omnidirectional patterns are obtained in the X-Z cut. The measured maximum gain was 1.68 dBi for 900 MHz. The circular polarization (-3dB AR BW = 383 MHz) feature of radiation patterns for 900 MHz are presented. It is a compact and available tag antenna for UHF RFID applications.
